Abstract Corn stover was pretreated with lime and shock, a mechanical process that uses a shockwave to alter the biomass structure. Two pretreatments (lime-only and lime+shock) were evaluated using enzymatic hydrolysis, batch mixed-culture fermentations, and continuous countercurrent mixed-culture fermentation. In a 120-h enzymatic hydrolysis, shock pretreatment increased the glucan digestibility of submerged lime pretreatment (SLP) corn stover by 3.5 % and oxidative lime pretreatment (OLP) corn stover by 2.5 %. The continuum particle distribution model (CPDM) was used to simulate a four-stage continuous countercurrent mixed-culture fermentation using empirical rate models obtained from simple batch experiments. The CPDM model determined that lime+shock pretreatment increased the total carboxylic acids yield by 28.5 % over lime-only pretreatment in a countercurrent fermentation with a volatile solids loading rate (VSLR) of 12 g/(L/day) and liquid retention time (LRT) of 30 days. In a semi-continuous countercurrent fermentation performed in the laboratory for 112 days with a VSLR of 1.875 g/(L day) and LRT of 16 days, lime + shock pretreatment increased the total carboxylic acid yield by 14.8 %. The experimental results matched closely with CPDM model predictions (4.05 % error).
Introduction
The purpose of this research is to study the efficacy of adding shock to enhance lime pretreatment digestibility of corn stover using enzymatic hydrolysis. In addition, to evaluate its performance in mixed-acid fermentations, batch fermentations were performed. The data from these batch fermentations were used to model a four-stage countercurrent fermentation using Continuum Particle Distribution Modeling (CPDM), and the preditions were compared with experimental values.
Methods

Raw Substrates
Corn stover was provided by Texas A&M AgriLife. It was air dried to a moisture content of about 10 % and stored in air-tight bins in the laboratory to maintain constant moisture and to reduce contact with air. Chicken manure, which served as a nutrient source in fermentations, was obtained from Feather Crest Farms Inc. (Bryan, TX). It was dried in the oven at 105°C for 48 h to a moisture content of 4 % and homogenized to obtain a nutritionally consistent substrate. The inoculum used for fermentations was a mixed-culture of marine microorganisms collected from beach sediment in Galveston Island, TX. This inoculum was first adapted to the fermentation substrate (80 % corn stover/20 % chicken manure) by batch fermentation (7 days). The liquid from this fermentation was used to inoculate all subsequent batch and countercurrent fermentations.
Pretreatment
Submerged Lime Pretreatment
Submerged lime pretreatment (SLP) was conducted at 50°C for 4 weeks (28 days) with lime loading of 0.15 g Ca(OH) 2 /g dry biomass in a 60-L jacketed vessel (Fig. 1a) . The vessel was loaded with corn stover (3.5 kg dry weight), water (31.5 kg), and Ca(OH) 2 (0.525 kg). CO 2 -free air was slowly bubbled (1 L/min) from the bottom of the vessel, which provided oxygen. CO 2 was removed by scrubbing air through a column of NaOH solution (96 g/L), which prevented the loss of lime to calcium carbonate. Hot water in the vessel jacket was maintained at 50°C by recycling through an electric water heater. The pH remained at 11.5 throughout the duration (28 days). Upon completing the desired reaction time, to remove excess lime, the biomass slurry was neutralized using 5-N HCl (1.2 L) to a pH of 4.5, washed thrice with distilled water, and air dried at room temperature to a moisture content of approximately 10 %.
Oxidative Lime Pretreatment
Oxidative lime pretreatment (OLP) employs harsher reaction conditions and is much shorter (only 4 h) than SLP pretreatment. It was conducted in a high-pressure 8-L Parr reactor (Fig. 1b) . The reactor was loaded with 310-g corn stover, 155-g lime (0.5 g Ca(OH) 2 /g dry biomass), and 4.5 L of water. Pure oxygen (6.9 bar) was applied, and the pretreatment was performed at 110°C for 4 h. To remove excess lime, the biomass slurry was then neutralized with 5-N HCl to a pH of 4.5, washed thrice with distilled water, and air dried to a moisture content of 10 %.
Shock Pretreatment
The shock pretreatment was performed in a 3-L steel shock tube (4-in Sch. 40) with circular metal flanges welded onto each end (Fig. 1c) . The upper metal flange has a 27.5-in-long steel barrel (1-in Sch.40) welded onto it and a shotgun shell fits inside the open top end. The firing mechanism consists of a spring-loaded firing pin that strikes the shotgun shell. Threading at the top of the barrel allows the firing mechanism to be securely fastened. A 10 % biomass slurry (200-g dry pretreated biomass and 1.8-L distilled water) was poured into the shock tube, and a gasket was placed between the top flange of the shock tube and the metal flange attached to the barrel. Then, the eight nuts and bolts around the flanges were tightened. The shotgun shell (Winchester Expert High Velocity 3-½-in, 1-3/8-oz steel BB shot) was placed at the top of the barrel, the firing mechanism was screwed on, and the shotgun shell was discharged. The upper flange was then unbolted, and the slurry was poured onto steel trays and air dried at room temperature to a moisture content of 10 %. Detailed information is presented elsewhere [21, 23] .
Compositional Analysis
Compositional analysis of raw (not pretreated) corn stover and pretreated corn stover was performed using the NREL laboratory analytical procedure for the determination of structural carbohydrates and lignin in biomass NREL/TP-510-42618 [24] . Ash content was determined by heating the samples in a furnace at 575°C for 24 h.
Enzymatic Hydrolysis
The enzymatic hydrolysis of corn stover treated with lime and lime+shock was performed using the enzymatic saccharification procedure NREL/TP-510-42629 [25] with a modified biomass loading. Instead of 1 % cellulose concentration, 10 % biomass loading was used to assess the pretreatments at industrially relevant concentrations. The enzyme used was Novozymes Cellic Ctec2 with a protein content of 294 mg protein/mL determined using the Pierce BCA assay. The reaction mixture consisted of 1 g biomass sample (dry wt), 5.0-mL sodium citrate buffer (0.1 M, pH 4.8), 0.04-mL tetracycline solution (10 mg/mL in 70 % ethanol), and 0.03-mL cycloheximide solution (10 mg/mL in distilled water). Distilled water was added to bring the total volume to 10.00 mL including the enzyme solution. The enzyme loading was 48 mg protein/g glucan, and the reaction tubes were incubated at 50°C for 120 h. All samples were hydrolyzed in triplicate.
Mixed-Culture Fermentations
Batch Fermentations
Batch fermentations at five different substrate loadings were performed with corn stover treated with lime and lime+shock to obtain the required data for the Continuum Particle Distribution Model (CPDM) [26, 27] . The substrate consisted of 80 % pretreated corn stover and 20 % chicken manure. The desired amount of substrate was added in a 1-L polypropylene rotary fermenter along with 3 g of calcium carbonate buffer and 20 mL of adapted marine inoculum. To prevent loss of carbon to methane, 120 μL of iodoform solution (20 g CHI 3 /L acetone) was added to inhibit methanogens. Deoxygenated water was added to bring the volume to 200 mL in each fermentor and incubated at 40°C for 35 days. Every day, all fermentors were removed from the incubator, fermentation gases were released, and a liquid sample was taken every other day to be analyzed for carboxylic acid concentrations via gas chromatography. The five different substrate concentrations used were 20, 40, 70, 100, and 100+-g dry substrate/L liquid. The 100+ fermentor had the same substrate loading as the 100 g/L, but an additional 20 g carboxylic acids/L (16 g/L acetic acid, 1 g/L propionic acid, and 3 g/L butyric acid) were added to capture any inhibitory effects of initially present product.
Countercurrent Fermentations
Four-stage semi-continuous countercurrent fermentation was performed for 112 days with the OLP corn stover and the OLP+shock-pretreated corn stover. For the first 2 weeks, the fermentations were started and monitored like batch fermentations, which allowed the culture to establish. Thereafter, biomass transfers were conducted every other day. The solids and the liquids were transferred in opposite directions [28] . During transfers, calcium carbonate buffer (1 g) was added to maintain the pH around 5.6 to each fermentor. The detailed procedure is given elsewhere [27, 29] . The most important operating parameters for a countercurrent fermentation are liquid residence time (LRT) and volatile solids loading rate (VSLR). 
Continuum Particle Distribution Model
CPDM is a powerful tool to simulate fermentation performance in many reactor configurations (e.g., continuous stirred tank reactor CSTR, plug flow reactor PFR, and countercurrent and cocurrent CSTR cascades) using empirical rate models obtained from simple batch experiments [26] . It is reasonably accurate (within 10 %) and saves thousands of man-hours in elaborate countercurrent fermentation experiments, which require 3 to 4 months to acquire a single steady-state data point [26] . A continuum particle (CP) is defined as a collection of biomass particles that equals 1-g volatile solids (VS) at time zero and is representative of the entire feedstock entering the fermentation [30] . A distribution function is used to express the number of CPs left in a particular interval of conversion from 0 to 1 at a particular time in the fermentation process. The governing empirical rate equation is obtained from a set of batch fermentations with varying initial substrate concentrations, some with externally added product to capture the product inhibition effects.
where x conversion of VS (dimensionless) e, f, g, and h empirical constants Φ = acid equivalence (total grams acid/gram Aceq) r pred predicted reaction rate (g of acetic acid equivalent generated/(time/g VS))
The mixed acid concentration can be expressed as molar acetic acid equivalents (α), which is the reducing potential of an equivalent amount of acetic acid [31] :
The acetic acid equivalent (Aceq) can be expressed on a mass basis as Aceq Acetic acid equivalents g
The conversion is given by
where S 0 is the initial amount of substrate (g VS/L) and σ is the selectivity (g Aceq produced/g VS digested), which is assumed to be constant throughout each batch fermentation. The σ value used for all CPDM calculations in this study was 0.87, which was obtained from the countercurrent fermentation experiment.
Once all the acid concentrations and conversions are obtained from the batch experiments, they are fit to Eq. 1 by the method of least squares in Microsoft Excel to get the empirical constants (e, f, g, and h) for that specific system. This rate equation was then used to simulate a four-stage countercurrent fermentation with varying VSLRs and LRTs in MATLAB.
Analytical Methods
Sugars were analyzed using HPLC (Bio-Rad Aminex HPX-87P column). The mobile phase was HPLC-grade water flowing at 0.6 mL/min, and the column temperature was 85°C. Carboxylic acids in the fermentations were measured using a gas chromatograph (Agilent 7890A) with a flame ionization detector (FID). The fermentation liquid was centrifuged at 13,000 rpm for 10 min and mixed with equal parts of internal standard (1.162 g/L 4-methyl-nvaleric acid) and 3-M phosphoric acid. The column used was Agilent J&W HP-5 (model# 19091J-413) with helium as the carrier gas.
Results and Discussion
Submerged Lime Pretreatment and Oxidative Lime Pretreatment Table 1 shows the compositional analysis of all the biomass feedstocks used in this study. The raw corn stover (no pretreatment) had a total lignin content of 0.14 g lignin/g dry biomass, whereas the SLP corn stover had a total lignin content of 0.09 g lignin/g dry biomass, and OLP corn stover had 0.08 g lignin/g dry biomass. The glucan content was also very similar for the SLP corn stover (0.44 g glucan/g dry biomass) and OLP corn stover (0.45 g glucan/g dry biomass). The enzymatic hydrolysis results in Table 2 show that for SLP corn stover after 120 h, the glucan digestibility was 81.8 % and the overall digestibility was 80.7 %. For OLP corn stover, the glucan digestibility was 83.6 % and the overall digestibility was 80.7 %. Hence, both the pretreatments are very effective and give similar results. SLP uses very mild conditions (50°C, 1-atm air) making it inexpensive and suitable for industrial pretreatment. However, because SLP takes 28 days to complete, OLP was used in the laboratory to rapidly generate the large quantity of pretreated corn stover required for the countercurrent fermentation experiment.
Enzymatic Hydrolysis of Shock-Pretreated Corn Stover
Shock pretreatment uses a shockwave (rapid pressurization) to render biomass more amenable to biological and enzymatic digestion [21] . Table 2 summarizes the results of 120-h enzymatic hydrolysis with an enzyme loading of 48 mg protein/g glucan on SLP, SLP+shock, OLP, and OLP+shock-pretreated corn stover. The added shock pretreatment increased glucan digestibility of SLP corn stover by 3.5 % and overall digestibility by 1.1 %. With OLP corn stover, adding shock pretreatment step resulted in a 2.5 % increase in glucan digestibility and a 2.2 % increase in the overall digestibility.
CPDM Modeling of Shock-Pretreated Corn Stover
The first step in CPDM modeling is to obtain the empirical rate parameters from a set of batch fermentations at different substrate loadings [32] . Table 3 shows the experimental setup of the batch fermentations performed in this study using five different substrate loadings. These batch fermentations can be used to quickly assess biomass for use in the MixAlco™ process (carboxylate platform) [33, 34] . Figure 2 shows the Aceq concentrations for the batch fermentations. At low substrate concentrations (20 and 40 g/L), SLP+shock corn stover does significantly better than SLP; however, at higher substrate concentrations (70, 100, 100+g/L), both substrates (SLP and SLP+shock corn stover) have similar Aceq concentration, which could be caused by higher product inhibition. conversions decreased as expected (0.39, 0.42, and 0.39 for SLP corn stover and 0.45, 0.46, and 0.44 for SLP+shock corn stover), and both the substrates had similar Aceq concentrations (Fig. 2) . Using least-square regression, an empirical rate model (Eq. 1) was fit to these Aceq concentration profiles. The governing rate equation for SLP corn stover is 
Using MATLAB, these rate equations were used to simulate four-stage countercurrent fermentations with varying LRTs and VSLRs. Figure 3 shows a CPDM map of SLP+shock corn stover superimposed over the CPDM map of SLP corn stover. For every LRT and VSLR in the map, SLP+shock corn stover has a higher carboxylic acid concentration and conversion. The benefit is more pronounced at high VSLRs. At low VSLR (4 g/(L/day)), the carboxylic acid concentrations and conversions are very similar and the both maps coincide. At higher VSLR, the SLP+shock map shifts up and toward the right giving higher conversions and carboxylic acid concentrations. At a very high VSLR (12 g/(L/day)) and LRT (30 day), which is suitable for large-scale fermentations, the carboxylic acid concentrations for SLP+shock and SLP corn stover are 36 and 28 g/L, respectively, a 28.5 % increase. Calcium carbonate (g) 3  3  3  3  3  3  3  3 
Countercurrent Fermentations
To assess the benefit of shock pretreatment in countercurrent fermentations and to verify the accuracy of CPDM, a semi-continuous countercurrent fermentation was performed for 112 days with OLP and OLP+shock corn stover. Instead of SLP, OLP was used to rapidly generate pretreated biomass because it is much faster (4 h) and the performance is identical to SLP, as shown earlier. Table 4 shows the operating parameters and key results of the countercurrent fermentations. Figure 4 shows the carboxylic acid profile for the two trains (OLP and OLP+shock corn stover). For both the trains, the VSLR was 1.875 g/(L/day) and LRT was 16 days. 
Conclusions
Shock pretreatment increases the digestibility of lignocellulosic biomass and can be used as added step to enhance chemical pretreatments. Shock pretreatment performed better than limeonly pretreatment in enzymatic saccharification as well as in mixed-acid fermentations (batch and countercurrent). CPDM predicts that at high VSLR rate of 12 g/(L/day) and LRT 30 days, adding shock pretreatment to lime pretreatment (SLP) increased the total carboxylic acid yields Fig. 3 Predicted BCPDM map^generated using MATLAB for countercurrent fermentations with 10 % total solids (100 g/L) using SLP and SLP+shock-pretreated corn stover (80 %) and chicken manure (20 %) by 28.5 %. A laboratory-scale countercurrent fermentation matched closely with CPDM predictions (4.05 % error), establishing the benefit of shock pretreatment in enhancing product yields for biochemical conversions like mixed-acid fermentations. Total cost of shock pretreatment is estimated to be $5/t [22] , which is very small compared to conventional chemical pretreatments (~$45/t) [35] . 
